The purpose of this paper is to conduct an extensive review of the literature on the relationship between occlusion and occlusal factors and TM dysfunction. This paper attempts to explore why the link between occlusal factors, which have historically been implicated in producing TMD, and dysfunction has not been clearly evident from the dental literature.
Introduction
The role of occlusion as an etiologic factor in temporomandibular dysfunction (TMD) is a controversial subject. It sometimes elicits strong emotions and is often discussed at a highly empirical level. Many dentists believe that occlusal discrepancies are an important etiologic factor in TMD, and their belief is reinforced by successful results following occlusal treatment. However, other clinicians claim equal success following the use of nonocclusal treatments. This being the case, it would be unwise to base any theory on the etiology of dysfunction solely on subjective assessments of pain relief [1] .
Studies on the role of occlusal factors in TMD fall broadly into four categories.
They may be 1) experimental, 2) electromyographic, 3) epidemiologic, or 4) clinical. The evidence contained in these studies is often conflicting, and some of the studies have serious shortcomings. For example, had occlusal factors not been dismissed as unimportant in some studies, the results could have been interpreted differently [1] .
The signs of TMD include muscle and joint tenderness, joint sounds, limitation and incoordination of mandibular movement, parafunction, occlusal wear, attrition, and headache. It is now generally accepted that headache should be included as an additional sign, [2] especially since common muscle contraction headaches (CMCH) have been reported to account for up to 90% of all headache pain [3] . Epidemiologic and clinical studies indicate that some signs of dysfunction may be present without producing pain. However, pain is the main complaint and the principle reason why patients seek treatment [1] .
The etiology of pain and dysfunction remains unclear. Some authors believe that there is a single etiologic factor, either occlusal [4] [5] [6] or psychological [7] . Others reason that because there is no consistent pattern of presentation, the etiology is probably multifactorial [8] . Nonetheless, there is general agreement that external trauma is often a predisposing factor [1] [8] [9] [10] .
The primary focus in the study of TMD has traditionally been neuromuscular (extracapsular) [8] . However, the pathologic processes occurring within the joint (intracapsular) have also become a significant area of focus in recent years, especially with the use of improved imaging techniques. Intracapsular and extracapsular dysfunctions are often superimposed and pose a considerable diagnostic challenge in determining to what extent each condition is dependent upon the other. Clinicians treating these problems are well aware that extracapsular (muscular) problems have a significantly better prognosis for resolution than intracapsular (structural) problems. Table 1 shows the incidence of TMD as determined by muscular and/or temporomandibular joint (TMJ) pain one week after placement of various interferences in small samples of subjects [1] [11] [12] [13] [14] [15] . Surprisingly, the incidence of dysfunction varied from high (7/8) to low (0/6) in these five studies.
Experimental Studies
Two glaring weaknesses of these studies are the extremely small sample sizes and the short periods over which symptoms were monitored-long-term follow-ups would have been more useful. The outcome of this type of experiment is most likely determined by the subject's neuromuscular adaptive capacity, or in other words, the subject's ability to "absorb" an interference without producing significant degrees of muscular incoordination, hyperactivity, or parafunction [1] .
This range of individual accommodation determines the likelihood of pathologic sequelae.
Electromyographic Studies
Electromyography measures the character and intensity of electrical activity associated with muscular contraction. Studies comparing dysfunctional and nondysfunctional subjects found that most TMD patients showed increased and uncoordinated electromyographic (EMG) activity of the masticatory muscles [1] [5] [16] . Studies also found that in many cases the EMG silent period (the temporary pause in ongoing EMG activity of jaw-closing muscles during maximal clench) is also longer in TMD, which implies a possible neuromuscular difference between TMD and non-TMD subjects [1] [17] [18] . The exact cause of the Table 1 . Experimental studies in which various occlusal interferences were incorporated [1] . The incidence of dysfunction after 7 days is reported in the last column. abnormal EMG activity is unclear. However, parafunction (clenching and bruxism) have been implicated [1] [19] [20] .
Finally, studies have found that bruxists with TMD showed a decrease in both diurnal EMG hyperactivity and incoordination following occlusal adjustment [1] [21] [22] . Patients who developed TMD following restorative treatment also showed a decrease in diurnal EMG activity after the occlusal discrepancies were removed from their restorations after occlusal adjustment [1] [23].
Epidemiologic Studies
Several studies have investigated the prevalence of TMD in the general population. Rugh and Solberg have reviewed these studies [24] ; their findings may be summarized as follows:
The prevalence of symptoms (12% to 59%) and signs (28% to 86%) was generally high. However, most cases were subclinical, and it was estimated that no more than 5% required treatment. Interestingly, the female-male ratio of dysfunctional subjects was 1:1 in these studies, whereas the ratio of TMD patients actively seeking treatment had a female-male ratio of 3:1. Peak age on presentation was 20 to 30 years [25] (historically, dysfunction has been implied to occur in adults much more frequently than in younger subjects). The ability of a subject to adapt to occlusal discrepancies may be influenced by psychic stress [26] [27] [28] . A number of occlusal factors have been linked with TMD [1] . These include loss of vertical dimension [4] , number of contacting teeth [29] , orthodontic malocclusion (specifically, crossbite, anterior open bite, and deep bite) [30] , occlusal interferences, and deflective contacts [21] [34]. However, the link between occlusal factors, which have been implicated in producing TMD, and dysfunction is not always evident from the literature [1] .
There has been much speculation on the way in which occlusal factors may produce dysfunction. It can be understood that posterior tooth loss, particularly in the presence of parafunction, can predispose to overloading the TMJ [4] . The mode of action of occlusal interferences and deflective contacts is more difficult to determine. However, there are two principle theories. The first theory is that occlusal factors induce the subject to parafunction [26] . The second theory is that functional movements (mastication, swallowing, mandibular posturing) are adversely affected when the subject subconsciously avoids the aberrant tooth contact [35] . This is known as aberrant function [1] . Both theories acknowledge that psychic stress may combine with an unfavorable occlusion to produce dysfunction. Parafunction and aberrant function may produce muscular hyperactivity [21] [22] and incoordination [36] . Balancing interferences may act as pivots that produce adverse leverages, thus overloading the TMJ components in compression or tension [1] [37].
Clinical Studies
Clinical studies have historically been the method of choice for studying occlusion and the effectiveness of occlusal alteration on the reduction of TMD signs and symptoms.
Occlusal Therapy
The next point to consider is the effectiveness of occlusal therapy in treating TMD. Over the last five decades, occlusal therapy has included reconstruction (often at an increased vertical dimension [38] ) and occlusal adjustment (reshaping heavy intercuspal contacts [39] and deflective interferences) [26] to enhance functional relationships. The response of TMD patients to occlusal therapy has been assessed both subjectively by patients' reports of pain remission [40] [41]
and objectively, utilizing EMG data [17] , the Helkimo dysfunction index, [42] pantographic tracings [36] .
Small yet significant interferences may be clinically difficult to detect and the characteristics of pantographic tracings have been shown to be useful in revealing their existence [1] . The identification of the interference and its removal have been shown to result in the establishment of normal border movements [43] . Clayton introduced a method of detecting and quantifying mandibular incoordination using the pantograph; the degree of divergence of three consecutive tracings forms the basis for his pantographic reproducibility index (PRI).
Pantographic tracings quantitated by the PRI can be used to detect the existence of uncoordinated mandibular movements, a symptom of TMD [44] . When the masticatory muscles are incoordinated, mandibular border movements become nonreproducible [45] . Splint therapy has been shown to produce a fall in this index and an immediate rise to dysfunctional levels upon splint removal [48] .
The findings of these PRI studies support the epidemiologic studies cited earlier, which found that signs associated with dysfunction can exist without pain [1] .
Ramfjord [21] [22] used electromyography to evaluate the effects of occlusal adjustment on a population of 35 bruxists with symptoms of TMD. Excessive EMG activity was normalized after adjustment, and all symptoms were alleviated. This study is often cited in support of occlusal adjustment as an effective mode of therapy. However the study has several methodological problems: no controls were used; long-term follow-up was not reported, and the study has not been duplicated.
Magnusson and Carlsson utilized the Helkimo dysfunction index to monitor the effect of further occlusal adjustment in patients who had residual signs and symptoms of TMD 2 to 5 years after initial occlusal adjustment. The treatment was found to be effective in removing the preadjustment signs and symptoms [1] [49].
Thus occlusal adjustment studies suggest that occlusal adjustment can reduce the clinical signs of TMD. However, the problem with studies of this type are that they lack controls, that treatment is not randomly allocated, and the occlusal adjustment method is sometimes questionable [1] .
Splint Therapy
Early studies [5] [50] demonstrated that the provision of a full-coverage stabilizing splint adjusted to the seated condylar position (SCP) (synonymous and interchangeable terms are used here to describe two key reference positions;
SCP/CR Seated Condylar Position/Centric Relation and MIC/CO for Maximum Intercuspation/Centric Occlusion) produces an immediate drop in EMG, which returns to its previous level upon splint removal. The anterior guidance provided by the splint has been shown to be significant [51] . In his comprehensive review of splint designs, Clark concluded that there is only sufficient evidence to support the use of the stabilizing splint adjusted to the SCP [52] [53]. Wahlund, in a prospective randomized clinical trial, showed that stabilization splints are highly effective for treatment of TMD, especially in adolescents [54] . In addition, a 23-year clinical study has shown that the stabilizing splint is more effective long term than an anterior-repositioning splint [55] and is less likely to lead to difficult orthodontic and restorative problems caused by unwanted tooth movement
[1] [10] . Some authors advise an initial period of stabilization splint wear for therapeutic or diagnostic purposes [46] [48] . Therapeutic goals are to alleviate the symptoms of TMD and to test the patient's response to an altered occlusal scheme. The diagnostic goal is to reveal occlusal interferences and maxillomandibular relationships previously hidden by guarding of the neuromuscular system. Thus splint therapy is used to locate the seated condylar position, to test the stability of the joints, and to determine if changing the patient's existing occlusal scheme may be of benefit.
Three-Dimensional Determination of Condylar Position
The seated condylar position (SCP) or Centric Relation (CR) is anatomically determined; thus it is repeatable and reproducible [26] [56] [57] . It is defined as the relationship of the mandible to the maxilla when the condyles are seated against the thinnest avascular portion of the articular disc in their most superoanterior position in the glenoid fossae and are centered transversely, regardless of tooth contact [57] [58]. Okeson [57] describes this as the most orthopedically and musculoskeletally stable position of the mandible, while Sicher [59] , Hylander [60] , and Gibbs and Lundeen [61] consider this position to be the essence of optimal TMJ form and function. It is considered to be the most reliable and reproducible reference point for accurately recording the relationship of the mandible to the maxilla [56] [57] [62] - [67] . Therefore, determination of the SCP/CR is a prerequisite for analyses of dental inter-arch, condylar position, and skeletal (maxillomandibular) relationships.
Maximum intercuspation or centric occlusion (MIC/CO) is defined as the most closed position that the mandible can assume, determined by full intercuspation of opposing teeth, regardless of condylar position [58] . The SCP/CR defines a condylar-determined position of the mandible, whereas MIC/CO defines a tooth-determined position. It is generally agreed that a difference exists between the three-dimensional dental inter-arch relationships in the SCP/CR and Howat et al. [56] state that the discrepancy between the seated and unseated condylar position should be identified and eliminated when the operator reorganizes the occlusion. The occlusion is reorganized when the operator is restoring posterior occlusal stability by occlusal adjustment or tooth restoration; is treating mandibular dysfunction; is treating with orthodontics; or is positioning the condyle during orthognathic surgery. The occlusion is also reorganized prior to multiunit restorations or complete denture prosthetics. Thus, treatment success in each of these areas is completely dependent upon the operator's ability to attain a comfortable, stable, repeatable seated condylar position as a reference point.
Various clinical methods have been proposed to determine condylar position as it relates to the dentition. One popular method is a chairside assessment through intraoral visual estimation, using mandibular manipulation to attempt to seat the condyles [49] . However, attempts to assess the dental arch displace- The American Dental Association [94] and the American Academy of Cra-niomandibular Disorders [95] have concluded that radiographs are contraindicated to assess condylar position for diagnostic purposes [96] - [112] . Radiographs include panoramic and transcranial radiographs, lateral cephalograms, arthrograms, and corrected tomography. These are two-dimensional images and are therefore inadequate to assess condylar position, which exists in three planes of space. As with all radiography, there is a certain percentage of distortion inherent in the production of a radiographic image. A problem with tomography is the variation in soft tissue thickness within the joint, which creates joint space that is not three-dimensionally uniform. Hatcher [113] has shown that the evaluation of condylar position is very sensitive to the depth of cut, and that head position is critical. Thus, a large variation in condylar position, as seen tomographically, has been found in normal asymptomatic subjects [33] 
Problems with Researching Occlusion
It is apparent that further work needs to be done to clarify the confusing situation that exists relating TMD to deflective dental contacts and interferences and thus to condylar displacement. To address this problem, it is necessary to determine why the link between TMD dysfunction and occlusal factors which have been implicated in producing TMD dysfunction has not been sufficiently evident in the literature [1] . The fact that a number of previous studies [100] Why does a dichotomy exist in the results and conclusions of these two sets of studies? Methodology is one area that can be implicated.
Methodologic Inaccuracies
The symptomatic subject radiographically. Add to this the fact that accurately registering the SCP/CR is technique sensitive to the point that many dental practitioners and researchers find it impossible and it becomes clearer why only a weak association has been found between occlusal factors in MIC/CO and TMD symptoms. It is also apparent that very few studies that attempt to evaluate the difference between the SCP/CR and MIC/CO in asymptomatic and symptomatic subjects actually register the SCP/CR accurately, for this requires deprogramming prior to the registration of the SCP/CR and the use of instrumentation by a researcher versed in these techniques to measure the dental arch displacement (DAD) and condylar displacement (CD).
Influence of the Neuromusculature
To study the dental inter-arch and condyle positional changes between MIC/CO and the SCP/CR, it is important to use a method that reduces or eliminates the influence of the occlusion on the musculature. Only then can the condyles be accurately seated. A number of studies have shown that the neuromusculature positions the mandible to achieve maximum intercuspation regardless of the po- can be difficult to identify deflective dental contacts and to register the SCP/CR in dysfunctional subjects [1] .
If dysfunctional subjects have not been symptomatically resolved and neuromuscularly deprogrammed on a stabilizaiton splint prior to registration of the SCP/CR, then the occlusal and condylar position evaluations were performed while the subjects were still dysfunctional [1] . Failure to register the SCP/CR accurately results in studies in which all samples (both control and experimental)
are similar with regard to condylar position. Therefore only occlusal factors in MIC/CO are being measured in each sample. The result is that only minimal discrepancies in condylar position are observed between MIC/CO and the assumed SCP/CR. A second possible reason is that the use of instrumentation can be labor inten-sive, making it difficult to secure a sample size sufficient to prove a strong statistical significance or to provide accurate conclusions.
The Need for Instrumentation

Why the Epidemiologic Evidence Implicating Occlusion as a Causative Factor in TMD Is Weak
No 3) The identification and full extent of deflective occlusal contacts in dysfunctional subjects may be hidden by guarding of the neuromusculature. For example, it is difficult to identify deflective dental contacts in subjects with TMD [1] .
Numerous studies [50] [163] report no relationship between deflective dental contacts and DAD between MIC/CO and the SCP/CR, but in these studies, the subjects' proprioceptive response to the occlusion was not eliminated. Thus, the occlusal evaluations were conducted while the subjects were still dysfunctional. And even if mandibular posturing can be overcome, an appropriate method must be used to assess deflective dental contacts and occlusal interferences. Some studies [164] , have used study casts mounted on non-arcon semiadjustable articulators [164] . This method of assessment is inappropriate because the posterior determinants of occlusionare not sufficiently accurate to identify working and balancing interferences reliably [1] .
4) Neuromuscular Adaptive Capacity. Occlusal factors may cause little or no dysfunction because they lie within the subject's neuromuscular adaptive capac- [56] . However, the same factors may exceed the adaptive capacity of a subject susceptible to TMD, causing muscular hyperactivity and incoordination [1] . The type and severity of deflective dental contact and occlusal interfe-rence may be less important than the way the dysfunctional subject reacts to it.
Thus the differences in occlusion between dysfunctional and asymptomatic subjects may be minimal [1] . However, the transverse (medio-lateral) condylar displacement, commonly present with dental cross bite, has been implicated as a 
Recommendations for Occlusion Research
While researchers and practitioners accept that the etiology of TMD is multifactorial, and the etiology and extent of TMD are difficult to diagnose precisely, this author would like to propose the following research guidelines in an attempt to improve upon the methodologic problems described above [1] [161].
Sample Selection Requirements
Pain in the head, neck, and TMJ region may involve many etiologic factors and the specific source of pain is often misdiagnosed by both medical and dental clinicians and researchers. The term "headache" can mean many things to both the patient and the clinician, either medical or dental. For example, the most prevalent type of headache is the common muscle contraction headache (CMCH). In addition, medical practitioners rarely consider a structural or functional impairment, and the majority treat these problems with nonspecific pain medications only. This leads to the following recommendations:
1) Differential diagnosis of pain is essential in sample selection.
2) Simple, universally accepted systems of assessing the location and degree of dysfunction need to be developed and applied to TMD research protocol. By definition, TM dysfunction is limited to muscular and structural impairment.
3) Samples must be large enough to prove statistical significance and render the conclusions clinically valid.
Methodologic Requirements
It is important to eliminate the influence of the neuromusculature on condylar position and the resulting three-dimensional dental inter-arch relationships to accurately register the SCP/CR as a reference, and to determine the resultant dental inter-arch relationships and occlusion-dictated condylar position in three spatial planes. The identification and full extent of deflective occlusal contacts and condylar displacement may be hidden by guarding of the neuromusculature.
Thus, subjects (both symptomatic and asymptomatic) should be deprogrammed prior to occlusal and condylar position evaluations. Stabilization splint therapy is required to resolve symptoms of symptomatic and dysfunctional subjects. Deprogramming is required for both asymptomatic and symptomatic subjects prior to the registration of the SCP/CR, to eliminate the subject's neuromuscular response to the habitual occlusion.
Condylar displacement should be isolated and considered as a specific etiologic factor in the production of TM signs, symptoms, and dysfunction. The occlusal and condylar position evaluations should be accurate and appropriate.
Instrumentation is required to assess and compare the three-dimensional dental arch displacement (DAD) and condylar displacement (CD) between MIC/CO and the SCP/CR. Dental instrumentation (an articulator mounting in the SCP/ CR and condylar graph measurements) has proven to be valid, reproducible, ac- accepted that the etiology of TMD is multifactorial and the individual's adaptive capacity and tolerance level are important factors in the development or absence of symptoms, then it is imperative to assess both DAD and CD in individual subjects before and after treatment.
In addition, long-term instrumentation studies with long-term follow-ups are needed to assess the effectiveness of occlusal treatments. Furthermore, deflective occlusal contacts can produce signs and symptoms other than muscle and structural impairment. These include occlusal wear, pulpitis, tooth abfraction, mobility and shifting of teeth, and aggravation of periodontal disease. Properly designed studies will consider these factors as well. And finally, excursive mandibular movements must be studied along with the closure position in the SCP/CR and MIC/CO, for often wear patterns occur in lateral and protrusive positions.
Recommendations for Occlusal Treatment of TM Dysfunction
A complete diagnosis and conservative treatment are keys to successfully ad- 
Diagnosis
A clinical history and examination are usually sufficient to indicate that the subject is suffering from TMD. The purposes of making a diagnosis are 1) to differentiate the condition from other conditions and 2) to plan effective treatment.
The diagnosis should involve the elimination of other pathology (e.g., caries)
which may cause referred pain or aggravate the dysfunction. A clinical assessment of the extent of dysfunction should be noted so that any improvement in the dysfunctional muscles and/or the TM joint can be monitored [1] .
Treatment
At present, treatment is best provided by attending to the traumatic, psychological, or occlusal factors that clinically seem to 1) predispose the subject to TMD, 
Faulty Methodology Leads to Erroneous Conclusions
Numerous studies have attempted to infer condylar displacement 1) through intraoral visual estimation of the DAD between the SCP/CR and MIC/CO at the occlusal level, 2) through an assessment of study models hand articulated in [124] [125] evaluated 222 dental and hygiene students in a study utilizing a questionnaire, intraoral visual estimation (clinical exam), and study models hand articulated in MIC/CO and found no definite relationship between TMD and occlusal factors, such as the DAD between the retruded contact position (RCP) and the intercuspal position (ICP). However, the RCP was determined by passive mandibular manipulation and by study models hand-articulated in MIC/CO. Deprogramming was not utilized and no instrumentation was used to determine the SCP/CR or evaluate condylar position as dictated by the occlusion. Thus, the possible effect of the neuromusculature was not considered.
In their review of the literature, McNamara et al., [171] found a relatively low association between occlusal factors and signs and symptoms of TMD. They concluded that although treatment to a gnathologic ideal was desirable, failure to so treat would not result in TMD. In the studies that they reviewed the occlusion was evaluated by chin-point manipulation and intraoral visual estimation (clinical exam). No attempt was made to override the effects of the neuromusculature (that is, no deprogramming was conducted), and condylar position was determined by radiographic evaluation-not by using dental instrumentation to accurately determine the SCP/CR and resultant DAD.
Lindauer et al. [172] "geometrically constructed" the center of mandibular rotation from Dolphin Digital images (instead of lateral cephalograms) of eight subjects and found that none of these subjects had a center of mandibular rotation (terminal hinge axis) located in the condyle. They concluded that "this finding supports the theory of a constantly moving, instantaneous center of jaw rotation during opening," (p. 577) implying that location of the terminal hinge axis is not reliable for use in predictable dental treatment planning or treatment.
This is contrary to the conclusion reached by the overwhelming majority of occlusion investigations published in the dental literature over the last 70 years.
Upon closer inspection of the data, however, Lindauer found that the constructed center of mandibular rotation was different not only in every subject, but in the same subject every time it was measured. It would be difficult to reach this conclusion if the researchers had used simple dental instrumentation (articulator-mounted study models and condylar position instrumentation) instead of geometrically constructing the center of rotation.
Braun et al. [173] estimated condylar position with "enhanced sagittal cephalometry" (instead of corrected tomography) and mandibular manipulation alone (after leaf guage deprogramming) instead of using simple dental instrumentation. He concluded that "CR is not a habitually-assumed position, it is not a functional position, and it is not static or reproducible. An isolated hinge axis does not exist." And finally, "mandibular manipulation and leaf gauge positioning are not effective in seating the condyles-both 'methods' revealed considera- Thus it is apparent that there are serious conceptual and methodologic problems with occlusion research that can lead to erroneous or flawed conclusions.
The conclusions of these studies, based on faulty methodology, reinforce the need for a standardized methodology for determining condylar position. Considerable variation of condylar position can be produced depending upon the methodology utilized, the least accurate being intraoral visual estimation of the DAD between the SCP/CR and MIC/CO at the occlusal level, assessment of study models hand articulated in MIC/CO, radiographic imaging, or scans. Deprogramming, accurate registration of the SCP/CR, articulator-mounted study models, and condylar position instrumentation are required to determine condylar position accurately in three dimensions.
Occlusal Factors and Condylar Displacement as Possible Etiologic Factors in TMD
Yet even in investigations using methodology that does not meet the above sug- [171]. The lateral DAD is particularly prevalent in posterior cross bite.
Egermark-Eriksson et al., [177] in a study of 240 subjects, utilized only intra- Even fewer studies have conducted a three-dimensional statistical analysis of condylar position in the SCP/CR as compared to MIC/CO utilizing condylar position instrumentation in either asymptomatic or symptomatic subjects.
Deprogramming
To date, few studies of dental arch spatial relations and condylar position have incorporated neuromuscular deprogramming prior to registering the SCP/CR. Calagna evaluated four neuromuscular conditioning techniques-the insertion of cotton rolls, and deprogramming with either the myomonitor, an anterior jig, or a maxillary biteplane. He found that deprogramming with the maxillary biteplane revealed a condylar displacement that was, on average, twice the displacement found with the other three methods, all of which found comparable displacements [69] . Greco and Vanarsdall found that the function of the masseter and temporalis muscle muscles significantly decreased after the patient wore a Hawley biteplane or superior repositioning splint 8 hours per day for 2 weeks [178] . Karl and Foley, utilizing deprogramming and condylar position instrumentation, found a larger discrepancy between the SCP/CR and MIC/CO than had been reported previously by using a hard anterior flat plane jig for deprogramming prior to registering the SCP/CR. They also found that while there was an 18% chance of detecting a condylar displacement of more than 2 mm in either the horizontal (AP) or the vertical (SI) direction with the Roth two-piece wax registration technique alone, this percentage more than doubled (to 40%) with the addition of a hard anterior deprogramming appliance prior to registra-tion of the SCP/CR. They concluded that deprogramming provides a registration of condylar position that reveals a greater condylar displacement from MIC/CO than a registration taken without prior deprogramming [84] . splint and found that the mean DAD for both groups, as measured from articulated study models, was slightly higher than that found in previous studies. They attributed this finding to "unmasking the discrepancy with splint wear." They concluded by advocating that "occlusal treatments (occlusal adjustment, restorative, orthodontics) be designed not necessarily to eliminate centric slides but rather to avoid any increase in the pre-treatment slide" (p. 715), meaning that occlusal treatments should result in no increase in the condylar displacement present pretreatment.
Splint Therapy
Occlusal splint therapy has been shown to be an effective treatment in the relief of symptoms associated with craniomandibular disorders [40] [179]. Kemper and Okeson also proved that it is an effective treatment modality for the relief of common muscle contraction headache (CMCH) pain [180] . In their 1983 study, 33 subjects with at least one headache a week were treated for 4 weeks with full-time wear of a full-coverage upper stabilization splint. Of these subjects, showed that stabilization splints are highly effective for the treatment of TMD.
First, subjects with the stabilization splint showed a statistically significant improvement in facial pain and headache. Second, subjects with the stabilization splint showed improvement in the intensity of the pain in the joint area compared to subjects with a control splint. Finally, there was a decrease in the need for further TMD treatment with the use of a stabilization splint [181] .
Instrumentation
In 1952 This led him to conclude that orthodontists should be aware of a high incidence of condylar displacement in pretreatment Japanese orthodontic patients which could aid in more accurate diagnosis of skeletal and dental discrepancies [78] .
Reproducibility of the Registration Technique
Alexander found that the articulator analysis of MIC/CO and the SCP/CR is statistically replicable [75] , and Shafagh [184] Table 2 , which presents 8 previous investigations of this type conducted over a 24-year period, all of which reported measurement error of ≤0.3 mm. The accuracy and repeatability of the MPI instrument was proven by Wood and Korne [115] , who found the instrument error of the MPI system to be ± 0.2 mm for each component in the horizontal and vertical planes. They also determined that measuring condylar displacements with condylar position instrumentation utilizing either the estimated or the true hinge axis to mount the maxillary cast is highly reproducible. In other words, the recording of condylar displacements with condylar position instrumentation was proven to be highly repeatable, regardless of the hinge axis used. Because of its practicality and reliability, these authors recommended use of the estimated hinge axis for examining the mandibular position of mounted diagnostic casts and for producing MPI condylar position values with which to convert lateral cephalograms taken in MIC/CO to SCP/CR cephalograms. However, for the study of mandibular movements, for diagnostic and definitive equilibration, for extensive restorative reconstruction, and for maxillary surgical movements resulting in autorotation of the mandible, they recommended that only the true hinge axis be used. 
The Relationship between DAD (Dental Arch
The Magnitude of Condylar Displacement
The magnitude of condylar displacement for an asymptomatic population reported in previous research investigations utilizing models articulated in the SCP/CR and condylar position instrumentation to measure condylar displacement in three planes is given in [188] , and this is supported by numerous independent research investigations. Reider's epidemiologic survey led him to conclude that "the considerable prevalence (25% = 81/323) of transverse mandibular displacement (DAD) in a diversified sample (n = 323) emphasizes the need for recognition and analysis of the etiologic factors in occlusal mandibular dysfunction" ( [158] , p. 299). Solberg found a higher prevalence of TMD signs and symptoms in subjects with a transverse DAD between the SCP/CR and MIC/CO (P < 0.01). Asymmetry in the DAD was observed in 15.6% of the 739 subjects examined intraorally. Significantly more dysfunctional subjects had asymmetrical DAD (P < 0.01), and subjects with larger DAD tended to have longer, asymmetrical dental arch displacements (P < 0.01). Tenderness of the TMJ and capsule was associated only with asymmetrical DAD (P < 0.01).
These findings suggest that the direction of the DAD-that is, its lack of symmetry-is of greater clinical importance than its magnitude in the production of
Droukas found that 27% of his sample (n = 48) had a transverse (medio-lateral) DAD of >0.5 mm at the occlusal level [163] . Egermark-Eriksson observed that TMJ sounds positively correlated with lateral deviation of the mandible between the SCP/CR and MIC/CO in all age groups (n = 240) (P < 0.01 ages 11 -15; P < 0.001 age 20) [177] . From a sample of 4724 children 5 to 17 years old, Thilander et al. proved that mediolateral DAD was significantly associated with clicking (P < 0.001), temporalis muscle tenderness (P < 0.01), and TM joint pain (P < 0.01). Non-working-side interferences (as observed clinically) were significantly associated with clicking (P < 0.01) and masseter and temporalis muscle tenderness (P < 0.01). TMD was significantly associated with posterior crossbite, anterior open bite, Angle's Class III malocclusion, and extreme maxillary overjet, leading them to conclude that "sliding [displacement] of the mandible (DAD) laterally from SCP/CR to MIC/CO will explain the significant association between TM dysfunction and posterior crossbite, and hence the association with clicking and muscle tenderness" ( [189] , p. 153). Egermark proved that "lateral forced bite" (transverse or mediolateral mandibular displacement/DAD) and unilateral crossbite were positively correlated with TM dysfunction signs and symptoms (P < 0.01) and considered them to be potential risk factors in the development of TMD [190] . Mohlin observed that dental crossbite was more common in TMD patients than in controls [191] . Lindblom [192] and Mongini [193] have published clinical techniques for the treatment of transverse (mediolateral) DAD. Thus, it has been clearly shown that transverse (mediolateral) DAD, commonly associated with dental cross bite, is positively correlated with TM dysfunction signs and symptoms.
The Relationship between CD (Condylar Displacement) and TMD
As stated previously, it is important to differentiate which type of displacement has been actually measured-DAD or CD, when analyzing the potential rela-tionship between displacement and TMD. The relationship between DAD and TMD has been studied at length and with large population studies, as shown above. The body of research on the relationship between CD and TMD is much smaller due to the limitations listed previously with regard to the use of neuromuscular deprogramming and dental instrumentation.
Condylar Displacement Studies Utilizing Radiography
Radiographic studies of condylar position have inferred that condylar displacement may be an etiologic factor in TMD. Weinberg, using transcranial radiography, reported on the role of condylar position in TMD and emphasized the importance of condylar position in the diagnosis and treatment of TMD and pain. He found that the 71% of the condyles measured in TMD subjects were displaced distally and defined condylar concentricity within the fossa as the optimal condylar position [141] . Mongini reviewed the role of radiography in the diagnosis of TMD dysfunction and the significance of condylar displacement in gnathic dysfunction, muscle dysfunction, and muscle pain [194] . Krueger and Dale described a means of transferring information from transcranial radiography to articulator instrumentation and projected condylar displacement as an etiologic factor in TMD [195] . Maruyama et al. studied the relationship of the SCP/CR to MIC/CO using the mandibular kinesiograph (Myotronics, Incorporated, Seattle, Washington) in normal and TMD subjects. The deviation from the SCP/CR to MIC/CO in the TMD group was twice that for normal subjects in all three planes, leading the authors to conclude that the "tooth contact slide"
[DAD] can cause TMD because mandibular position is dictated by occlusal contacts [170] . Williams compared symptomatic and nonsymptomatic TM joints using laminagraphs (corrected tomograms) and found significantly more condylar displacement in symptomatic subjects. He suggested that a submental vertex film be used to more accurately determine a consistent depth of cut of the condylar image [142] . Weinberg discussed the role of stress, occlusion, and condylar position in TMD and suggested that condylar position plays an important role in the diagnosis and treatment of TMD [196] . Utt [76] set criteria for an abnormal or excessive magnitude of condylar dis-placement by doubling the mean values he observed. Using these criteria, he noted that 19% of his sample of 107 subjects had a condylar displacement of ≥2 mm horizontally or vertically. Similar studies have shown a range from 16% to 52% ≥2 mm horizontally or vertically (Hidaka [78] , 16%; Utt [76] , 19%; Esmay [77] , 33%; Shildkraut [114] , 52%). In Hidaka's sample, 38.7% (58/150) had a horizontal or vertical displacement of ≥2 mm or a transverse displacement of ≥0.5 mm [78] . In Shildkraut's sample of 131 consecutive patients, 52% (68) had a condylar displacement of ≥2 mm in either the horizontal or vertical plane and 25% (33) had a condylar displacement of ≥3 mm [114] .
Condylar Displacement Studies Utilizing Condylar Position Instrumentation
Girardot, using the MPI, found that the condyles were displaced inferiorly in the majority of TMD patients and that symptoms were alleviated as the condyles moved toward a more seated position (P < 0.001) [33] . Cacchiotti observed that the MPI-measured discrepancies between the SCP/CR and MIC/CO of subjects with TMD complaints were significantly larger than those of a control group consisting of dental students without TMD complaints [197] .
Crawford's study [34] represents a landmark breakthrough in occlusion research, utilizing many of the research recommendations presented previously.
The rationale for his study were the facts that "very few studies have examined occlusion-dictated condylar position using instrumentation and none have In this study the concept of deprogramming was employed, as the restored ideal sample underwent full-time splint wear until the subjects were asymptomatic and stabilized prior to reconstruction. Instrumentation was utilized to articulate and reconstruct the dental arches in the SCP/CR position and to measure condylar displacement throughout the process. This was a long-term instrumentation study with long-term follow-ups (2 to 23 years) to assess the effectiveness and stability of occlusal reconstruction. The TMJ evaluation consisted of two parts: an anamnestic evaluation and a clinical exam, both based on the Helkimo index. In addition, the reconstructed group completed an anamnestic (retrospective) questionnaire evaluating TMD symptoms prior to reconstruction.
Crawford documented a high correlation (P < 0.001) between signs and symptoms of TMD and increased condylar displacement. First, he found that in the restored ideal group there was an 84% reduction in symptoms posttreatment; the number of subjects reporting severe symptoms decreased from 16 to 1; the number of subjects reporting no symptoms increased from 8 to 18; and no subject showed an increase in anamnestic score. These findings are especially important in light of the fact that the treated subjects were an average of 10.6 years post-reconstruction, with a range of 2 to 23 years.
Second, Crawford found that average anamnestic scores were much higher in all groups where condylar displacement was greater than 1 mm, and that this finding was statistically significant (P < 0.001).
Third, Crawford documented a very strong statistically significant relationship (P < 0.001) between condylar displacement and TMD signs and symptoms in all of the subjects of the study. As the magnitude of condylar displacement increased, TMD symptoms increased. The magnitude of condylar displacement and symptoms (both clinical and anamnestic) was significantly smaller in the restored ideal group than it was in the untreated control group.
Fourth and finally, Crawford found that occlusal attrition was less prevalent in the restored ideal group than it was in the untreated control group. This is especially important in light of the fact that 8 of the 30 restored ideal subjects underwent full-mouth reconstruction specifically to restore tooth material lost as a result of severe wear and attrition (cusps worn to the gingival level).
The clinical implications of Dr. Crawford's study are as follows: 1) SCP/CR is a desirable treatment goal for reorganization of the occlusion. It is especially desirable in the following cases:
• When restoring posterior occlusal stability by occlusal adjustment or tooth restoration.
• When treating mandibular dysfunction.
• When restoring the dentition with multiunit restorations.
• When treating patients with complete denture prosthetics.
• When treating patients orthodontically.
• When positioning the condyle during orthognathic surgery.
2) When occlusal correction is performed accurately (that is according to the methodologic principles outlined in this paper) it is clear that the correction of both the occlusion and condylar position is remarkably stable.
3) An individual's tolerance to condylar displacement may be less than previous studies have suggested and is certainly less than has been previously understood in the field of dentistry. 4) Orthodontic cases should be compared to gnathologically restored cases, not to an untreated population.
5)
Since an increase of condylar displacement (CPI value) from 1 to 2 mm was shown to aggravate symptoms of TMD dramatically, it may be in the patient's best interest for the clinician to reduce or minimize the pretreatment condylar displacement as much as possible. [198] . For example, Hansson stated that "medio-lateral (transverse) deflection of the condyles from the seated position is most critical to asymptomatic function" [199] . Yet the number of investigations comparing transverse condylar displacement in asymptomatic and symptomatic populations and utilizing deprogramming and instrumentation is remarkably small. Nevertheless, studies that have attempted to measure the DAD between the SCP/CR and MIC/CO intraorally have inferred that condylar displacement (CD) as a result of dental arch displacement (DAD), especially in the transverse plane, may be an etiologic factor in TMD.
Utt [76] reported that 17% of his nondeprogrammed asymptomatic sample (18/107) had a transverse (mediolateral) condylar displacement of ≥0.5 mm, while in Hidaka's nondeprogrammed sample 31.3% (47/150) had a transverse (mediolateral) displacement of ≥0.5 mm [78] . In Rosner's studies 12% of the nondeprogrammed sample (9/75) had a transverse (mediolateral) displacement of ≥0.6 mm and this positively correlated with TMD symptoms (P < 0.01). Another measure of transverse (mediolateral) displacement (mean index of intercuspal asymmetry) was found to be high (1.29 mm) [117] [144] .
Rosner [117] [144] measured condylar position in 75 subjects using the Whipmix articulator and the modified Buhnergraph instrument. Condylar position data were collected and organized into scattergram form, from which he created a sagittal peripheral outline (SPO) of condylar position measurements. The dimensions of the SPO were determined by nearly tripling the average horizontal = AP displacement found (0.5 mm) and doubling the average vertical = SI displacement found (0.8 mm) to 1.4 mm and 1.7 mm respectively. Condylar position data were correlated with a questionnaire and the sagittal condylar positions of symptomatic subjects were found to be located most often outside the SPO, and that these larger displacements positively correlated with joint noise (P < 0.01). Of the 26 subjects who reported joint noise, 20, or 76.9% were outside the SPO.
According to Rosner's data, subjects with mandibular dysfunction had at least two condylar positional characteristics. First, the condylar position was outside the SPO in symptomatic subjects, In addition Rosner found that noise in the TM joints positively correlated with condylar positions outside of the SPO while condylar positions within the SPO were silent (P < 0.01). Second, subjects with mandibular dysfunction exhibited an increased mean index of intercuspal asymmetry (1.29 mm [SD 0.57]). The index of intercuspal asymmetry was statis-tically significant at the P < 0.01 level between the group of 38 subjects without primary symptoms and the group of 37 subjects with one or more primary symptoms and mandibular dysfunction. The fact that the index of intercuspal asymmetry was statistically significant at the 0.01 level is in keeping with the assertion that lateral CD is an important finding. The discovery that subjects with one or more primary symptoms had an index of intercuspal asymmetry similar to the mean and SD of subjects seeking treatment of mandibular dysfunction was an unexpected finding. The smallest values for mediolateral CD were seen in subjects without primary symptoms [117] [144] .
Cordray [200] [201], utilizing chairside deprogramming and instrumentation, determined the DAD and CD for 596 consecutive asymptomatic subjects and 596 consecutive symptomatic subjects presenting for orthodontic treatment. The objective was to evaluate the three-dimensional nature of dental arch displacement (DAD) and condylar displacement (CD) between the seated condylar position (SCP) and the intercuspal position (ICP) and to compare results derived from large deprogrammed asymptomatic and symptomatic populations. DAD and CD were increased from the ICP (MIC/CO) to the SCP/CR in all 1192 subjects and also increased for symptomatic subjects. These displacements were statistically significant and clinically significant. Specific findings are as follows:
1) In 1122/1192 = 94.1% of the total sample (CI 92.1, 96.0) of asymptomatic and symptomatic subjects the initial occlusal contact occurred on the posterior-most tooth in the SCP/CR. Traditional dental casts collected for diagnosis and treatment planning which are hand-articulated into intercuspation do not reflect this scientific fact.
2) The three-dimensional study of DAD in the SCP/CR as compared to the DAD in MIC/CO revealed: a) Horizontal (AP): Mandible more retrusive posteriorly, possible change in occlusion pattern/classification at the canine or first molar. Increased incisor overjet (OJ) anteriorly; b) Vertical (SI): Bite more open (decreased incisor overbite (OB) vertically); c) Transverse (ML): Dental midlines coincident (unless a dental arch asymmetry or skeletal asymmetry).
3) The three-dimensional study of CD in the SCP/CR as compared to the CD in MIC/CO indicated:
a) The position of the condyles in the ICP/MIC has been proven to be different from the seated condylar position (SCP)/CR [34] [197] .
b) The direction of condylar displacement from the SCP to the ICP (MIC/CO) in the total sample was posterior-inferior (65.8%), anterior-inferior (28.5%), and straight inferior (4.2%). These percentages are in close agreement with Crawford [34] , Dawson [35] , Wood and Elliott [63] , Utt [76] , Hidaka [78] , Girardot [82] , Karl and Foley [84] , Shildkraut and Wood [114] , Wood and Korne [115] , and Roth [187] and supports the concept of vertical condylar displacement resulting from posterior initial occlusal contact.
c) The following clinical findings support the concept of increased mandibular condyle displacement (CD) in subjects with symptomatology (CMCH and TM dysfunction):
• [114] . Nearly all symptomatic subjects (96.9% = 578/596) exhibited a significant (vertical = SI ≥ 2.0 mm, horizontal = AP ≥ 1.6 mm, or transverse = ML ≥ 0.5 mm) condylar displacement in at least one plane. The magnitude of horizontal (AP) or vertical (SI) displacement was ≥2 mm in 53.6% of asymptomatic subjects and increased to 73.3% of symptomatic subjects. This incidence is larger than reported previously (Utt [76] (19%) Hidaka [78] (16%)). 22.9% of asymptomatic subjects had condylar displacements of ≥3 mm horizontally (AP) or vertically (SI) and this is in agreement with Shildkraut and Wood [114] who found 25% (33/131) to have a discrepancy of ≥3 mm. This nearly doubled to 39.7% of symptomatic subjects.
• Significant Condylar Displacement and Its Relation to Occlusion Classification Change:
26.6% of asymptomatic subjects displayed a significant condylar displacement (≥2 mm SI, ≥1.6 mm AP, or ≥0.5 mm ML) and change in occlusion pattern/classification at the canine or first molar between the SCP and the ICP. This increased to 63.7% of symptomatic subjects, indicating increased frequency and magnitude of both dental arch displacement (DAD) and condylar displacement (CD) in symptomatic subjects.
• [199] . Mean magnitude of transverse (ML) condylar displacement of asymptomatic subjects (0.26 mm) increased to 0.82 mm in symptomatic subjects. 10.7% of asymptomatic subjects had a transverse (ML) discrepancy of ≥0.5 mm-this increased to 87.6% of symptomatic subjects.
This is a clinically significant finding and supports the hypothesis that TRANSVERSE (ML) condylar displacement ≥0.5 mm, commonly presenting with dental cross bite [83] [163] [189] , may be associated with signs and symptoms of TM dysfunction, most notably muscular hyperactivity and 
Conclusions
The role of occlusion in the development of signs and symptoms of TMD continues to be a source of controversy. There has even been a movement within dentistry over the past few decades to minimize the role of occlusion in TMD and to deemphasize the study of occlusion in dental education. However, this review of the current literature specifies that, despite the fact that the etiology of TMD is probably multifactorial, completely discounting the role of occlusion may be an inappropriate interpretation of published data.
The three-dimensional analysis of dental arch displacement (DAD) and condylar displacement (CD) from the SCP/CR to MIC/CO utilizing articulated study casts and condylar position instrumentation suggests that, although a clear correlation between occlusion and TMD has not been clearly evident in the dental literature due to omission of the specific research principles and techniques outlined herein, it has, nevertheless, been proven in scores of independent research investigations conducted worldwide. A reform of occlusion/TMD research protocol is needed for progress in the field.
Current research conducted according to the principles outlined herein indicates the following:
A prudent goal of clinical dental correction would be to minimize condylar displacement whenever possible. Condylar displacement (CD) for deprogrammed subjects is larger than that for non-deprogrammed subjects. CD for symptomatic subjects is larger than that for asymptomatic subjects. Transverse (mediolateral) DAD and CD, commonly presenting with dental cross bite, have been shown to be strongly and positively correlated with TMD, including CMCH. Mandibular condyle displacement (CD) resulting from dental arch displacement (DAD) has been shown in contemporary research to be etiologic in the production of common muscle contraction headache (CMCH) and temporo-mandibular dysfunction (TMD).
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